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INTRODUCTION
Failure analysis of plastic products is significantly difficult due to the insufficient systematic data of plastics. In order to solve this essential problem and to develop the technology to
determine the cause of product failure, the systematic data for the fracture surface information and material strength of polymers have been required. In this paper, the application of
fractography has been examined aiming on ABS polymers, which are broadly used as general consumer products and structural materials. Through the comparison of the fracture
surface information obtained as a result of the experiments carried out under static and
cyclic loading, the influences of repeated loading, notch, grades, loading level and ambient
temperature on the fracture surfaces have been investigated.

EXPERIMENTAL
Table 1. Experimental materials
A(Heat Resistant)

B (High Rigidity)

C (Flame Resistant)

120,000

140,000

120,000

Flexural strength, MPa

73.5

78.4

65.7

Flexural modulus, MPa

2450

2548

2254

Impact strength, kJ/m2

14.7

9.8

12.7

Materials : ABS (Grades)
Molecular weight

Three grades of ABS (Acrylonitrile-butadiene-styrene copolymer), heat resistant
(material A), high rigid (material B) and flame resistant (material C) grades were used in
this study as listed in Table 1.
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Figure 1. A schematic and photographs of fracture surface and the side of Compact Tension specimen (Material A). The magnification of fracture surface near the notch is also shown for (a) and (d).

Two types of specimens, Compact Tension (CT) specimen (Figure 1) and un-notched
rectangular bar specimen (Figure 2) were used. The former is defined in ASTM D5045-93
(Standard test methods for plane-strain fracture toughness and strain energy release rate of
plastic materials) except for the dimension of notch, and the latter is the preferred test specimen defined in ISO 178:1993 (Plastics-Determination of flexural properties).
Static loading tests were carried out with both the CT and un-notched specimens at a
testing speed of 10, 100 and 1000 mm/min.
Fatigue tests were conducted at a test frequency of 5 Hz under load controlled condition. The maximum load level was set at 20, 40, 60, 80% of the tensile strength at yield or
the flexural strength of the static tests at a testing speed of 10 mm/min. Note that only CT
specimens are tested for the 20% load level. All the tests were performed at 0, 23, 50°C. The
fracture surfaces were observed by using optical microscope (OM) and scanning electron
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Figure 2. A schematic and photographs of fracture surface of un-notched rectangular bar specimen (Material A).

microscope (SEM). In the CT specimens, the cross section observations were also carried
out.

RESULTS
The fracture aspects of CT specimens are shown in Figure 1. Striations were observed in all
of the fatigue fracture surfaces from the OM observations (Figure 1 (a)-(c)), but never in the
static ones (Figure 1 (d)). Striations tended to appear closer to the notch and increase its
maximum spacing width with the increase of the applied load level (Figure 1 (b), (c)). Tearlines appeared on the condition at high ambient temperature and low loading level (Figure 1
(b)), or at high ambient temperature and low testing speed.
Serration appeared only in the fatigue fracture surfaces on the condition of low load
level (Figure 1 (a)), while only voids and fibrillation was observed in the static fracture surfaces (Figure 1 (d)) from SEM observations. And fibrillation caused by the delamination of
flame retardant could be also observed in material C.
Stress whitening appeared on the cross-section of the fractured specimens (Figure 1
(a)-(d)) and the behavior was dependent on the grade of the materials as follows, i.e., the
half-ellipse shaped whitening area in material A, the dendrite shaped area with a slight whitening in material C, both half-ellipse and dendrite shaped whitening area in material B. But,
the distinction between them became difficult with the decrease of the ambient temperature.
All the stress whitening area tended to appear closer to the notch and increase in depth with
the increase of the applied load level.
The fracture aspects of un-notched rectangular bar specimens are shown in Figure 2.
Un-notched rectangular bar specimens did not fail in all of the static loading conditions,
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though fractured in the cyclic loading conditions. Striations observed in all of the fatigue
fracture surfaces although little could be determined for its appearance. The number of the
fracture origin increased with the increase of the applied load level under the cyclic loading
conditions (Figure 2 (a), (b)).
The fractographic analysis of ABS polymers is summarized in Tables 2 and 3. With the
systematic arrangement of the information obtained from the experiment the determinable
properties became obvious as follows. The existence of repeated loading can be easily recognized for the appearance of the striations on the fracture surfaces. Notch effect is determined by the existence of the fracture origins. The grade of ABS is distinguished by the
observation of additives and the stress whitening phenomenon on the cross sections near the
fracture surfaces. The magnitude of stress affects the appearing position of the striations,
while the ambient temperature influences the depth of the stress whitening with the notched
specimens. Consequently, the estimation of the fatigue life still remains as a clue, hence further study is probably needed.
Table 2. Fractography of ABS
Compact Tension

Fatigue

OM

SEM

Static

OM

Striation
Tear Line

High temperature, low load level

Whitening

Increased with the increase of temperature
Closer to notch with the increase of load level

Void, Fibril

High temperature, high load level

Serration

Low load level

Tear Line

High temperature, low speed

Whitening
SEM

Void, Fibril
Un-notched Rectangular Bar

Fatigue

OM

Striation
Origin

Static

Un-failed

Increase with the increase of load level
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Table 2. Fractography of ABS
Grades of ABS
Whitening

A: half-ellipse
B: half-ellipse and dendrite
C: dendrite

Additives

C: delamination of flame retardant

Table 3. Application of fractography to ABS
Properties

Determination

Repeated Loading

Easily determined

Notch Effect

Determinable

Grades

Determinable

Stress Dependence

Determinable

Temperature Dependence

Determined on condition

Fatigue Life Estimation

Further study necessary

Notes

Determinable when notched

CONCLUSIONS
This study has explored the application of fractography in ABS polymers. And the results
presented in this paper, indicates that many causes of the failure can be determined through
the observation of the fragments. In conclusion, we are eager to contribute to the expedition
of failure analysis and to the prevention of repetition, through continuous acquisition of
fracture surface information and material strength data of polymers to form a database.
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HISTORICAL PERSPECTIVE
Plastics have been in existence for approximately 130 years. John Hyatt patented nitrocellulose, the first commercial plastic, in 1869. However, full-scale development and use of plastics is only about 50 years old. In contrast, metals have been in use for many hundreds of
years.
The application of engineering materials is unavoidably accompanied by the occurrence of failures, many of which have been catastrophic. The consequences of material failures; including deaths, financial losses and legal ramifications; have encouraged the
development of effective failure analysis methods. Although the cost of failure analysis may
exceed the value of the part, the cost of service failures usually far exceeds the cost of failure analysis. Many of the techniques utilized over the years for the evaluation of metals
have been successfully applied to plastics with only minor modifications.
Fractography is arguably the most valuable tool available to the failure analyst. Fractography, a term coined in 1944 to describe the science of examining fracture surfaces, has
actually been utilized for centuries as part of the field of metallurgy. Even before that, however, Stone Age man possessed a working knowledge of fracture. Archeological findings of
lithic implements, weapons and tools shaped from stone by controlled fracture, indicate that
prehistoric man knew how to: (1) select rocks with favorable fracture behavior; (2) use thermal spalling to detach bedrock from the working core; and (3) shape stone by pressure flaking.
Fractography as we know it today, developed in the 16th century as a quality control
practice employed for ferrous and nonferrous metal working. “De La Pirotechnia” published by Vannoccio Biringuccio1 in 1540 is one of the first documents to detail fractographic techniques.
Invention of the optical microscope in 1600 provided a significant new tool for fractography. Yet it was not utilized extensively by metallurgists until the 18th century. In 1722,
R.A. de Réaumur2 published a book with engravings depicting macroscopic and microscopic fracture surfaces of iron and steel. Interestingly, the categories of macroscopic features developed by de Réaumur have remained essentially unchanged through the centuries.
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Partly due to the development of metallographic techniques for examining cross sections of metals, interest in microfractography waned during the 19th century. Metal workers
continued to utilize fractographic techniques for quality assurance purposes but, for the
most part, researchers and publications ignored fractography.
Several technological developments in the 20th century revitalized interest in fractography. Carl A. Zapffe3 developed and extensively utilized fractographic techniques to study
the hydrogen embrittlement of steels. His work lead to the discovery of techniques for photographing fracture surfaces at high magnifications. The first fractographs were published
by Zapffe in 1943.
An even more revolutionary development was the invention of the scanning electron
microscope (SEM). The first SEM appeared in 1943. Unlike the transmission electron
microscope, developed a few years earlier, it could be used for fracture surface examination.
An SEM with a guaranteed resolution of ~500 angstroms became commercially available in
1965. Compared to the optical microscope, the SEM expands resolution by more than one
order of magnitude and increases the depth of focus by more than two orders of magnitude.
The tools for modern fractography were essentially in place before plastics achieved widespread use.

FAILURE ANALYSIS OVERVIEW
The general procedure for conducting a sound failure analysis is similar for metallic and
nonmetallic materials. The steps include: (1) information gathering; (2) preliminary, visual
examination; (3) nondestructive testing; (4) characterization of material properties through
mechanical, chemical and thermal testing; (5) selection, preservation and cleaning of fracture surfaces; (6) macroscopic examination of fracture surfaces, secondary cracking and
surface condition; (7) microscopic examination; (8) selection, preparation and examination
of cross sections; (9) identification of failure mechanisms; (10) stress/fracture mechanics
analysis; (11) testing to simulate failure; and (12) data review, formulation of conclusions
and reporting.
Although the basic steps of failure analysis are nearly identical, some differences exist
between metals and plastics. Nondestructive testing of metals includes magnetic particle,
eddy current and radiographic inspection methods that are not applicable to plastics for
obvious reasons. However, ultrasonic and acoustic emission techniques find applications for
both materials.
Likewise, different chemical test methods are necessary. Typical test methods for metals are optical emission spectrometry (OES), inductively coupled plasma (ICP) and combustion. Fourier transform infrared (FTIR) spectroscopy is extensively used to identify
plastics by molecular bonding and thermal testing, differential scanning calorimetry (DSC)
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and thermogravimetric analysis (TGA), is also
very important for polymer characterization.
Energy dispersive X-ray spectroscopy (EDS),
used in conjunction with the SEM, is a very
practical tool for elemental chemical analysis of
metals and plastics. Also noteworthy, different
chemical solutions are required for metals and
plastics to clean fracture surfaces and to etch
cross-sections to reveal microstructure.
Figure 1. Fracture of a glass-filled nylon threaded part due
to stress concentration. (8.4X)

CAUSES OF FAILURE

Of course, the primary objective of a materials
failure analysis is to determine the root cause of
failure. Whether dealing with metallic or nonmetallic materials, the root cause can normally
be assigned to one of four categories: design,
manufacturing, service or material. Often times,
several adverse conditions contribute to the part
failure. Many of the potential root causes of failure are common to metallic and nonmetallic
materials.
Improper material selection, overly high
Figure 2. Cross section showing fracture along the knit
line of a Teflon PFA lined impeller. (3.8X)
stresses, and stress concentrations are examples
of design-related problems that can lead to premature failure. Material selection must take into
account environmental sensitivities as well as
requisite mechanical properties. Stress raisers
are frequently a preferred site for fracture origin, particularly in fatigue. These include thread
roots (Figure 1), sharp radii of curvature,
through holes, and surface discontinuities (e.g.,
gate marks in molded plastic parts).
Likewise, many manufacturing and material
problems
found in metals are also observed
Figure 3. Cross section of a Delrin hinge that fractured
or have a corollary in plastics. Weldments are a
(arrows) through an area of porosity. (8.4X)
trouble prone area for metals, as are weld lines
or knit lines in molded plastics (Figure 2). High residual stresses can result from metal
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forming, heat treatment, welding and machining. Similarly, high frozen-in stresses in injection molded plastic parts often contribute to failure. Porosity and voids are common to metal
castings and plastic molded parts (Figure 3). These serve as stress raisers and reduce load
carrying capability. Other manufacturing- and material-related problems that may lead to
failure include adverse thermo-mechanical history, poor microstructure, material defects
and contamination.
Environmental degradation is one of the most important service-related causes of failure for metals and plastics. Others include excessive wear, impact, overloading, and electrical discharge.

FAILURE MECHANISMS
Another key objective of failure analysis is to identify the failure mechanism(s). Once
again, some failure modes are identical for metals and plastics. These include ductile overload, brittle fracture, impact, fatigue, wear and erosion.
Analogies can also be drawn between metals and plastics with regards to environmental degradation. Whereas metals corrode by an electrochemical process, plastics are vulnerable to chemical changes from aging or weathering. Stress corrosion cracking, a specific
form of metallic corrosion, is similar in many ways to stress cracking of plastics. Both result
in brittle fracture due to the combined effects of tensile stress and a material specific aggressive environment. Likewise, dealloying or selective leaching in metals, the preferential
removal of one element from an alloy by corrosion, is somewhat similar to scission of polymers, a form of aging which can cause chemical changes by selectively cutting molecular
bonds.

FRACTOGRAPHY
When material failure involves actual breakage, fractography can be employed to identify
the fracture origin, direction of crack propagation, failure mechanism, presence of material
defects, environmental interaction, and the nature of stresses.
Some of the macroscopic and microscopic features employed by the failure analyst to
evaluate fracture surfaces of metals and plastics are described below. Note, however, that
many of the fractographic features described for plastics are not observable for reinforced
plastics and plastics containing high filler content.

MACROSCOPICALLY VISIBLE FRACTOGRAPHIC FEATURES
On a macroscopic scale, all fractures (metals and plastics) fall into one of two categories:
ductile and brittle. Ductile fractures are characterized by material tearing and exhibit gross
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Figure 4. Beach and radial marks emanate from the origin
(“O”) of this torsional fatigue fracture. (0.5X).
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Figure 5. Brittle fracture of an epoxy layer displays a mirror zone, rib marks and hackles. (5.6X)

plastic deformation. Brittle fractures display little or no macroscopically visible plastic
deformation and require less energy to form. Ductile fractures occur as the result of applied
stresses exceeding the material yield or flow stress. Brittle fractures generally occur well
below the material yield stress. In practice, ductile fractures occur due to overloading or
under-designing. They are rarely the subject of a failure analysis. Fracture analysis usually
involves the unexpected brittle failure of normally ductile materials.
Many macroscopically visible fractographic features serve to identify the fracture origin(s) and direction of crack propagation. Fractographic features common to metals and
plastics are radial marks and chevron patterns. Radial marks (Figure 4) are lines on a fracture surface that radiate outward from the origin and are formed by the intersection of brittle
fractures propagating at different levels. Chevron patterns or herringbone patterns are actually radial marks resembling nested letters “V” and pointing towards the origin.
Fatigue failures in metals display beach marks and ratchet marks that serve to identify
the origin and the failure mode. Beach marks (Figure 4) are macroscopically visible semielliptical lines running perpendicular to the overall direction of fatigue crack propagation
and marking successive positions of the advancing crack front. Ratchet marks are macroscopically visible lines running parallel to the overall direction of crack propagation and
formed by the intersection of fatigue cracks propagating from multiple origins.
Brittle fractures in plastics exhibit characteristic features, several of which are macroscopically visible (Figure 5). These may include a mirror zone at the origin, mist region, and
rib marks. The mirror zone is a flat, featureless region surrounding the origin and associated
with the slow crack growth phase of fracture. The mist region is located immediately adjacent to the mirror zone and displays a misty appearance. This is a transition zone from slow
to fast crack growth. Rib marks are semi-elliptical lines resembling beach marks in metallic
fatigue fractures.
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MICROSCOPICALLY VISIBLE
FRACTOGRAPHIC FEATURES

Figure 6. Dimpled appearance typical of ductile fracture
of metallic materials. (375X)

Figure 7. Fracture of a polyethylene tensile test specimen
exhibits material stretching. (375X)

Figure 8. Brittle fracture of a FC-0205 powder metal
control rod displays cleavage facets. (375X)

On a microscopic scale, ductile fracture in metals (Figure 6) displays a dimpled surface appearance created by microvoid coalescence. Ductile
fracture in plastics (Figure 7) is characterized by
material stretching related to the fibrillar nature
of the polymers response to stress. Although a
part may fail in a brittle manner, ductile fracture
morphology is frequently observed away from
the origin, if the final fast fracture occurred by
ductile overload (e.g., the “shear lip” in metal
failures). The extent of this overload region is an
indication of the stress level.
Brittle fracture of metallic materials may
result from numerous failure mechanisms, but
there are only a few basic microfractographic
features that clearly indicate the failure mechanism: (1) cleavage facets (Figure 8); (2) intergranular facets (Figure 9); and (3) striations
(Figure 10). Cleavage facets form in body-centered cubic (BCC) and hexagonal close-packed
(HCP) metals when the crack path follows a well
defined transgranular crystallographic plane
(e.g., the {100} planes in BCC metals). Cleavage
is characteristic of transgranular brittle fracture.
Intergranular fracture, recognizable by its “rock
candy” appearance, occurs when the crack path
follows grain boundaries. Intergranular fracture
is typical of many forms of SCC, hydrogen
embrittlement and temper-embrittled steel.
Fatigue failures of many metals exhibit striations
at high magnifications (normally magnifications
of 500 to 2,500X are required). Striations are
semi-elliptical lines on a fatigue fracture surface
that emanate outward from the origin and mark
the crack front position with each successive
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Figure 9. Intergranular fracture of an embrittled cast steel
pneumatic wrench. (375X)
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Figure 10. Fatigue striations are visible on this Type 302
stainless steel spring fracture. (1500X)

stress cycle. The spacing of fatigue striations is usually very uniform and can be used to calculate the crack growth rate if the cyclic stress frequency is known. Striations are discriminated from striation like artifacts on the fracture surface in that true fatigue striations never
cross or intersect one another.
Plastics do not display cleavage and intergranular fracture. However, like metals, striations are found on fatigue fracture surfaces. Often, striations in plastics are observable at
much lower magnifications (<100X). In addition to mirror zones, mist regions and rib
marks, brittle fracture of plastics may display hackles, Wallner lines and conic marks. Hackles (Figure 5) are divergent lines radiating outward from the fracture origin. They resemble
river patterns observed on the cleavage facets of transgranular brittle fractures of metals, but
run in the opposite direction. Wallner lines are faint striation-like markings formed by the
interaction of stress waves reflected from physical boundaries with the advancing crack
front. Conic marks are parabolic-shaped lines pointing back towards the origin. Hackles and
Wallner lines may or may not be visible without the aid of a microscope.

CLOSING REMARKS
Fractographic techniques developed and applied to metal failures for centuries have been
readily adapted to the fracture analysis of plastics since their emergence as a key engineering material over the last 50 years. However, more work remains to be done to advance fractography of plastics. One notable area for research is fracture analysis of composites,
reinforced plastics, and plastics containing high filler content. Fractures of these materials
are currently dismissed as inherently lacking meaningful fractographic features. Finally,
there is a definite need for an authoritative publication on fracture in plastics.
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INTRODUCTION
Continuous fiber composites with commodity thermoplastic matrix systems of relatively
low glass transition temperature, such as polypropylene/glass fiber (PP/GF), are increasingly used in various applications, namely in the automotive sector. These relatively new
composites combine the general advantages of semi-crystalline thermoplastic matrix composites with respect to molding processes, damage tolerance, chemical and environmental
resistance and recycling possibilities, with the need for lower costs of production and higher
production rates in large volume markets such as the construction, transport and automotive
industries.1
Impact studies on discontinuous GF composites with a PP matrix have suggested1 that
the use of a tough thermoplastic matrix, instead of a thermoset matrix with glass transition
well above room temperature, in composites may result in significant toughness improvement, especially at low temperatures (e.g., -40°C). It has been established that the fracture
behavior of GF composites with a PP matrix or a polyethylene terephthalate (PET) matrix is
influenced by the matrix crystalline structure2-3 as well as the laminate configuration.4
Among several processing parameters affecting the mechanical behavior of thermoplastic
GF composites, the cooling rate employed during the molding process, by modification of
the matrix morphology, appears to be critical.2-4
In continuous GF composites with a PP or a PET matrix, mode I quasi-static fracture
studies showed that the fracture behavior of is dominated by fiber pullout, whereas mode II
quasi-static fracture studies showed that their fracture behavior is matrix dominated.3,5
Moreover, fatigue crack propagation studies6 have shown that interlaminar fracture, mostly
delamination under mode II conditions, plays a key role in the fatigue fracture of continuous
GF composites. Fatigue crack propagation is also generally very sensitive to the morphol-
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ogy and the microstructure of the materials tested. Mode I fracture testing is thus appropriate to study the influence of GF/matrix interactions, and mode II fracture testing appropriate
to study the influence of the matrix itself on the fracture process in these composites.
The objective of this paper is to study the effect of the matrix morphology, by using
two different cooling rates in the molding process, on the mechanical behavior of a PP/GF
composite.

EXPERIMENTAL
MATERIAL AND SPECIMEN PREPARATION
Pre-impregnated unidirectional 0.25 mm thick
tapes, supplied by Baycomp Canada, made from
a blend of chemically modified PP with pure PP
reinforced with 60 wt% of continuous E-glass
fibers coated with a specific thermoplastic sizing, were employed. The nominal thickness of
these tapes was 0.25 mm. Unidirectional PP/GF
plates of 4 mm in nominal thickness were prepared from 16 layers of these tapes. These specimens were compression molded at 200°C for 5
minutes in a Wabash press at 0.69 MPa and
cooled to room temperature at two different rates
Figure 1. Cumulative distribution of the spherulite diam- of 1°C/min or 10°C/min. A permanganate chemeter obtained by image analysis of SEM observations in
ical etching technique of pre-polished surfaces
the composites studied.
was used to reveal the crystalline structure of the
PP/GF composite. Image analysis of scanning
electron microscope (SEM) observations was used to characterize the spherulitic matrix
morphology (Figure 1). As shown previously,2,7 the cooling rate employed during the molding process resulted mainly in differences in the matrix morphology of the PP/GF composite
employed. At higher cooling rates (10°C/min), a relatively fine spherulitic matrix morphology, 26 µm in average diameter, with an amorphous phase surrounding the fibers and
between the spherulites, was observed. At low cooling rates (1°C/min), coarser spherulitic
matrix morphology, 34 µm in average diameter, with fibers free of amorphous phase, was
observed.
THREE-POINT BENDING TESTS
The three-point bending tests were performed following the ASTM D-790M standard test
method at 23°C using a computer-controlled mechanical tester. These tests were done at a
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crosshead speed of 1.3 mm/min with a ratio of span to specimen thickness of 16. The
flexural2 modulus, the flexural strength and the strain at failure on the tensile stress side of
the three-point bending specimen (lower fiber) were respectively calculated according to
ASTM D-790M. A minimum of five tests was performed for each reported value and the
standard deviation was less or equal to 5%.
DOUBLE-CANTILEVER BEAM TESTS
The mode I quasi-static fracture tests were performed using the DCB specimen configuration
according to ASTM D-5528 standard test
method. The nominal specimen dimensions
were 20 mm in width, w, 150 in length, L, and
4 mm in thickness, 2h. An initial crack length,
ao, of 35 mm was obtained using a 25 µm thick
film of PET inserted at mid-thickness of the
plates prior to consolidation. The DCB specimens were tested at a crosshead speed of 2
mm/min using an Instron computer-controlled
Figure 2. Comparison of the experimental compliance plot- mechanical tester. As shown in Figure 2, good
ted against the normalized crack length with the compliance agreement for both composites was obtained
calculated from the beam theory for the DCB (Eq. 1) and
between the compliance measurements on the
ENF (Eq. 3) specimens.
load-displacement curve at a given crack
length, a, and the compliance expression derived from the beam theory, given by the following equation:
3

8a
C = ------------3
Ewh

[1]

where E is the Young’s modulus. Using the compliance calibration method, the critical
strain energy release rate, Gk, can be obtained using its definition:
2

P ∂C
G Ic = ------c- ------2w ∂a

[2]

where Pc is the critical load determined from the non-linearity on the load-displacement
curve and ∂C / ∂a is given by the compliance calibration. This critical strain energy release
rate corresponds to an energetic expression of the fracture toughness. Two critical strain
energy release rates are reported for each composite tested, one at the onset of crack propagation, GIc (onset), and one at the crack propagation plateau, GIc (propagation). These two
GIc s correspond to the fundamental values from a typical R-curve of a tough material.
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END-NOTCHED FLEXURE TESTS
The mode II fatigue crack propagation tests were performed using the ENF specimen configuration.3-5,8-9 The ENF specimen is a three-point bending specimen with an imbedded
through-width delamination located at the laminate mid-thickness. The nominal total span,
2L, the nominal thickness, 2h and the nominal width, w, were respectively 110 mm, 4 mm
and 24 mm. An initial delamination length, ao, of 24 mm was obtained using a 25 µm thick
film of PET inserted at mid-thickness of the plates prior to consolidation. These tests were
performed at 23°C with a sinusoidal waveform, a cyclic frequency of 5 Hz and a load ratio
of 0.1. To avoid compressive forces resulting in artificially high crack propagation resistance and to minimize the influence of sliding friction on the strain energy release rate, a
minimum of 26 mm and a maximum of 51 mm were respectively employed for the crack
length.8 The crack length was monitored during the fatigue tests using the compliance
method.8-9 Each fatigue test was verified by a second test. As shown in Figure 2, good
agreement was obtained for both composites (cooled at a rate of 1°C/min and 10°C/min)
between the compliance measurements and the compliance expression derived for the ENF
specimen9 from the beam theory given by the following equation:
3

3

2L + 3a )C = (---------------------------3
8Ewh

[3]

where E is the Young’s modulus. Using the compliance calibration method, the crack length
and the fatigue crack growth rate, da/dN, where N is the number of cycles, can thus be
obtained. Each fatigue crack growth rate was obtained over a minimum propagation distance of 0.2 mm. With the crack length obtained, the mode II strain energy release rate,
∆ GII, expressed as a function of the constant load amplitude, ∆ P = Pmax - Pmin, can be calculated using a modified version of its definition:
2

∆P - ∂C
------∆GII = --------2w ∂a

[4]

where ∂ C/ ∂ a is given by the compliance calibration. The fatigue crack propagation by
delamination is thus expressed in terms of da/dN versus ∆ GII curves on a log-log scale.

RESULTS AND DISCUSSION
THREE-POINT BENDING
The typical curves of the three-point bending tests performed on the PP/GF composite are
presented in Figure 3. These curves show that the flexural modulus of the unidirectional
specimens is not significantly affected by the cooling rates in the range tested, whereas the
flexural strength and the strain at failure varied with the cooling rates employed. The specimens molded with a cooling rate of 1°C/min showed lower flexural strengths and the strains
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Table 1. Results of the three-point bending tests in the PP/GF composites
Cooling rate
Mechanical property

Figure 3 Typical flexural stress – deflection curves of the
three-point bending tests performed on the PP/GF composite. The open and closed symbols represent specimens
molded with a cooling rate of 1°C/min and 10°C/min,
respectively.

1oC/min

10oC/min

Flexural modulus, GPa

24

25

Flexural strength, MPa

405

470

2

6

Strain at failure, %

at failure than those molded with a cooling rate
of 10°C/min. These results are presented in
Table 2. Results of the mode I
Table 1.
quasi-static fracture tests
These tests show that the fracture behavior
of
these
composites is affected by the microCritical strain energy release
2
structure
of the PP matrix. It should be kept in
rate, GIc, J/m
Cooling
mind
that
an amorphous phase surrounding the
rate
onset
propagation
fibers is observed2 at relatively high cooling
rates (10°C/min), whereas the fibers are free of
1oC/min
200
770
amorphous phase at low cooling rates (1°C/
min). In addition, short beam shear tests showed
1270
2010
10oC/min
that considerably lower apparent interlaminar
shear strengths were obtained at low cooling rates. It thus appears that the fracture behavior
of the PP/GF composite is affected by the efficiency of stress transfer between the matrix
and the fibers and also between the spherulites in the matrix itself. At lower cooling rates,
the highly crystalline spherulitical structure led to a reduced presence of the amorphous
phase between spherulites and between the fibers and the spherulites, causing premature
fracture.
MODE I QUASI-STATIC FRACTURE
The results of the mode I quasi-static fracture tests are shown at Table 2 in terms of critical
strain energy release rate GIc at the onset of crack propagation and during propagation
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Figure 4. Mode I quasi-static fracture surfaces of the PP/
GF composite molded with a cooling rate of: a) 10°C/min
and 1°C/min.
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(steady crack growth), using DCB specimens of
PP/GF composite molded with cooling rates of
1°C/min and 10°C/min. According to the threepoint bending results, the DCB test results in
Table 2 reveal that the cooling rate employed
during the molding process of the PP/GF composites critically affects their resistance to
steady crack growth (fracture toughness). The
critical strain energy release rates at the onset of
propagation and for propagation respectively
drop by a factor of 6 and 3 when a cooling rate
of 1°C/min is employed instead of 10°C/min.
Mode I quasi-static fracture surface observations (Figure 4) show that a different mode of
fracture is observed for each cooling rate. At
10°C/min, a transpherulitic fracture characterized by fiber/matrix delamination resulting
from the presence of the ductile amorphous PP
phase at the fiber surface2 is observed (Figure
4a). In this case, the PP spherulitic matrix presents extensive stretching resulting from crack
bridging. At 1°C/min, an interspherulitic fracture is observed (Figure 4b). In this case, lower
cooling rates result in the reduced presence of
the amorphous phase between the fibers and the
spherulites and also between spherulites in the
matrix itself, leading to weaker interspherulitic
regions (2) and lower fracture toughness (Table
2).
MODE II FATIGUE CRACK PROPAGATION

The log-log curves of the fatigue crack growth rates da/dN plotted against the strain energy
release rate ∆ GII are shown in Figure 5. Despite the non-negligible amount of experimental
variation observed in the crack propagation data, the fatigue crack propagation curves in
Figure 5 show that crack propagation occurs at growth rates 6 to 10 times higher, at a given
∆ GII, when a cooling rate of 1°C/min instead of 10°C/min is employed. The results in Figure 5 also indicate that the fatigue failure occurs at a ∆ GII of approximately 730 J/m2 for a
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Figure 5. Fatigue crack growth rates da/dN plotted
against the strain energy release rate ∆ GII in the
PP/GF composites.

cooling rate of 1°C/min, whereas it occurs at
a ∆ GII of approximately 1250 J/m2 for a
cooling rate of 10°C/min.
The mode II fatigue fracture surfaces
are shown in Figure 6. These mode II fatigue
fracture surfaces are in agreement with the
mode I quasi-static fracture surfaces (Figure Figure 6. Mode II fatigue fracture surfaces of the PP/GF com4). At 10°C/min (Figure 6a), a transpheru- posite molded with a cooling rate of: a) 10°C/min and 1°C/
min. The macroscopic fatigue delamination propagation direclitic fracture with the formation of cusps in tion is from left to right.
the PP matrix and some matrix/fiber debonding, is observed. These cusps, formed by
shear loading of the matrix in the plastic zone, have been reported in other thermoplastic
composites.5,8 However, such cusps have not, to the knowledge of the authors, been
reported in PP/GF composites. At 1°C/min (Figure 6b), an interspherulitic fracture is
observed. As mentioned previously, the low cooling rates used in the latter resulted in weak
interspherulitic regions, providing an easy interspherulitic crack propagation path and
resulting in a more brittle behavior (higher growth rates at given ∆ GII and lower ∆ GII at
fatigue failure). This is in agreement with the mode I quasi-static fracture tests results
showed previously.
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CONCLUSIONS
Lower cooling rates during the molding process of PP/GF composites lead to reduction in
the flexural strength and the strain at failure.
The compliance of DCB and ENF specimens of PP/GF composites follows the prevision of the beam theory. The critical strain energy release rates obtained from mode I quasistatic loading is considerably affected by the cooling rate employed during the molding process of the PP/GF composite. Lower cooling rates result in reduced resistance to steady
crack growth, both at the onset of propagation and for propagation itself. The fatigue crack
propagation behavior in mode II cyclic loading is also strongly affected by the cooling rates
employed during the molding process. The fatigue crack growth rates at given levels of
strain energy release rate and the range of strain energy release rates obtained reveal a considerably poorer fatigue crack propagation behavior in the lower cooling rate PP/GF composite.
In mode I quasi-static fracture and in mode II fatigue fracture testing, an interspherulitic mode of fracture was observed in the lower cooling rate composite, whereas a transpherulitic mode of fracture was observed in the higher cooling rate composite. This effect
is related to the reduced presence of a ductile amorphous phase at the fiber-matrix interface
and between the spherulites in the matrix as the cooling rate decreases, resulting in poorer
quasi-static and fatigue crack propagation behavior.
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INTRODUCTION
Toughening of brittle homopolymers continues to generate great scientific and commercial
interest. Recent developments of metallocene catalyzed thermoplastic elastomers have created new frontiers for research in characterizing the toughening behavior of novel polymer
blends containing physically miscible phases. In this paper, we present a variety of fracture
assessment schemes for polypropylene homopolymers containing an elastomeric phase
(ENGAGE POes 8100®). Puncture test at 3.5 m/s was conducted to assess the failure behavior under biaxial loadings. The J-integral fracture toughness was also measured to describe
the resistance against crack initiation at a quasi-static loading rate. Fracture and deformation
mechanisms were examined using petrographic thin sectioning technique1 and tensile
dilatometry,2,3 respectively.

EXPERIMENTAL WORK
Materials were compression molded and cut to standard specimens for fracture-mechanical
tests. Homopolypropylene was mechanically mixed with 10, 20 and 30 wt% metallocene
catalyzed polyethylene (ENGAGE POes 8100®)
Crack tip plastic zone was investigated using single-edge- double-notch four-pointbend (SEDN-4PB) specimens coupled with petrographic thin sectioning technique.4,5 The
polished thin sections were observed under an optical microscope.

144

Plastics Failure Analysis and Prevention

To investigate the deformation mechanism of each individual blend composition, dilatational strains were measured using a computer-controlled Instron 5567 system at a constant crosshead speed of 2.5 mm/min. Highly senstive clip-on extensometers were used to
monitor strains in the longitudinal and transverse directions. The thickness strain and the
width strain were assumed to be equal. The dilatational strains of the deformed samples
were then calculated from2,3
2
∆V
------- = ( 1 + ε x ) ( 1 + ε z ) – 1
V

[1]

where ε x denotes the strain in the loading direction and ε z denotes the strain in the lateral
direction. The true stress, σ , of each sample was obtained from
P
σ = ---------------------------------2
Wo To ( 1 – ε z )

[2]

where P is the applied load, Wo and To are the original width and thickness, respectively. It
is generally known that the technique of tensile dilatometry provides a volume dilatation
slope that is indicative of dilatational plasticity. This slope is that of the volumetric strain
versus axial strain plot.
Puncture tests were conducted on clamped circular disks of 3.2 mm in thickness and 9
mm in diameter according to the ASTM standard 3029 at 3.5 m/s.
All studied samples displayed a certain degree of stable crack growth and hence J-integral analysis was applied. J-R curves were determined by the normalization method6,7 using
only a single pre-cracked specimen load-displacement record. Pre-cracks were introduced
by a razor blade sliding into the machine notch. The specimens were then loaded in an
Instron model 4467 testing machine at a rate of 1 mm/min at ambient temperature. After
unloading, the specimens were fast fractured. The amount of crack extension, ∆a, for stable
crack propagation was determined post mortem from the fracture surface. ∆a was monitored
by marking with an alcoholic iodine solution before unloading. The data for the JR curve
were best fitted to a power law relationship,
J = C 1 ∆a

C2

[3]
where C1 and C2 are curve-fitting parameters. The fracture initiation toughness was determined by the intersection of the JR-∆a curve with a vertical line at 0.2 mm offset and by
comparison with a blunted precracked sample, Jspb.8

RESULTS AND DISCUSSION
Puncture energies for different blend compositions are given in Table 1. Clearly, introduction of the rubbery phase greatly enhances the impact toughness of the homopolymer. The
puncture energy increases 10-fold from PP homopolymer to a 10%-rubber blend. For 20
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Figure 1. Load – time curves for punture tests.
Figure 2. Visual examination of puncture specimens.

Table 1. Puncture energy
Material

Energy

Standard
deviation

PP homopolymer

2.1 J

±0.17

PP+10% mePE

26.4 J

±13.24

PP+20% mePE

45.3 J

PP+30% mePE

42.0 J

Table 2. J-integral fracture
toughness
Material

J0.2

Jspb

PP homopolymer

4.87 N/mm

4.99 N/mm

PP+10% mePE

3.52 N/mm

3.19 N/mm

±1.18

PP+20% mePE

4.02 N/mm

4.19 N/mm

±0.09

PP+30% mePE

3.16 N/mm

3.51N/mm

and 30% rubber blends, the fracture energy is about 20 times that of homopolymer. Figure 1
illustrates the typical load-time curves for the specimens tested. A visual examination of the
tested samples greatly facilitates the understanding of the failure mode (see Figure 2). PP
homopolymer fails in a brittle manner characterized by circumferential branching cracks
(Figure 2a). A large scatter of observations was found, however, in 10% rubber blend. The
material fails from a fully brittle mode to a semi-ductile mode for different specimens tested
(Figure 1). Note that the blend exhibits large radial cracks from the contact point of the
plunger. Conversely, the 20 and 30% blends displayed a clear ductile failure mode as confirmed by optical observations of the broken pieces, which show stress-whitening and permanent deformation around the plunger contact point. The slightly reduced puncture energy
for additional rubber content is attributed to the softening effect induced by the elastomeric
phase.
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Figure 3. J-R curves using normalized method.

J-R curves for PP modified with metallocene poly-ethylene are shown in Figure 3. The
homopolymer displayed a small amount of stable crack growth after which it became unstable.
At ambient temperature and under quasi-static
conditions the rubber softening effect promoted
stable crack growth in modified materials but
fracture initiation values diminished (Table 2).
Toughness enhancement under impact conditions and at lower temperatures would be
expected for the rubber-modified blends. Crack
fronts were not straight despite the presence of
side grooves.
Using petrographic thin sectioning technique, the arrested crack-tip can be studied using
light microscopy. Figure 4 displays the crack- tip Figure 4. Arrested crack in SEDN-4PB specimens.
deformation zones of 0, 10, 20 and 30% rubber
blends. Note that there is little deformation surrounding the crack in the PP homopolymer
(Figure 4a). However, an increase in rubber content dramatically introduces characteristic
flow lines radiating from the crack tip. Extensive plastic deformation occurs around the
crack tip for 20% and 30% rubber blends. It is not clear whether the plastic flow was asscciated with volume-conserving (shear yielding) or dilatational (crazing, rubber cavitation)
mechanisms. To examine the tensile dilatometric properties, Figure 5 plots the magnitudes
of axial, transverse and volume strains versus load-line displacement for 30% rubber blend.
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Table 3. Volume dilatation slope
Material

Volume dilatation slopes

PP homopolymer

1.166x10-1

PP+10% mePE

-2.426x10-2

PP+20% mePE

-5.456x10-3

PP+30% mePE

-8.502x10-4

Figure 5. Strains versus load-line displacement.

While both axial and tranverse strains increase with load-line extension, the volume strain
as obtained from Eq. [1] decreases with axial strain. Table 3 compares the volume dilatation
slopes of different blend compositions. From the negative nature of the dilatation slopes, it
is conjectured that PP homopolymers modified with metallocene catalyzed PE exhibit
strain-induced molecular restructuring arising from, for example, enhanced crystallinity as
commonly found in semi-crystalline polymers like nylons.3,9 The results also suggest that
there is negligble volume dilatation and the mechanism responsible for deformation could
possibly arise from volume-conserving shear. While this is consistent with the softening
effect of the matrix upon introduction of the elastomeric phase whereby shear resistance is
greatly reduced at a lower loading rate, the extensive stress whitening around the crack tip
awaits a more definitive examination like TEM to identify the fracture mechanism under a
triaxial state of stress.

CONCLUSIONS
Puncture energy and J-integral fracture toughness were measured for a series of PP
homopolymers modified by metallocene catalyzed PE. A transition from fully brittle to ductile fracture was observed as the rubber content increased under impact conditions. For the
modified materials, toughness was optimal for the 20% rubber blend because additional
rubber caused softening effect. Measurements of the dilatational strains suggested the
toughening mechanism under uniaxial loads for the blends could be derived from a volumeconserving deformation mechanism. A more definitive approach, however, is required to
verify the dilatometric implications.
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INTRODUCTION
Hot tool welding is a widespread and reliable technique for thermoplastics.1 It is applied to
join components of variable complexity and size produced by extrusion, injection molding
or others methods. In cases where the surfaces to be joined are flat, the hot tool is a plate
with the temperature controlled on both sides; the process is called hot plate welding.
In this process the surfaces to be joined are maintained under pressure against the hot
plate, then the plate is withdrawn, and finally the matching surfaces are pressed together for
joining. To avoid excessive lateral flow of melt out of the joint, some machines are equipped
with rigid stops that bring the pressure automatically to zero once the part length is reduced
to a fixed amount. This type of machines presents some advantages over the pressure controlled ones.1,2 and are particularly suitable for parts with small cross-sectional area, as the
ISO tensile bars used in this work.
Although significant research has been done to simulate3 and optimize4 the process,
the relationship between the weld strength and the process parameters is not yet fully understood. Various types of tests have been used to evaluate the strength of the welds, including
tensile,5 impact,6 and long term creep rupture tests.6,7 Microscopical examination has also
been used to characterize hot plate welds.5,8-10 However, the evaluation of the weld quality
is still uncertain.
Polypropylene, a very versatile material, is used in applications ranging from extruded
pipes to injection molded engineering parts that are welded by the hot plate process. The
microstructure of this polymer is very sensitive to the crystallization conditions and to the
thermo-mechanical process history. This makes the material particularly interesting for
exploring processing-microstructure-property relationships. With this purpose, an injection
molding grade of polypropylene was used to produce bars that were hot plate welded under
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a wide range of conditions. The morphology and failure behavior of the welds were
assessed by microscopy and by short and long term mechanical testing.

EXPERIMENTAL
The welding experiments were carried out with parts cut from ISO type tensile test bars.
The bars were injection molded from polypropylene homopolymer (ICI GWM 22) of MFI
4.4g/600s, and cut in half.
The welds were prepared with a purposely built semi-automatic hot plate welding
machine. The hot plate temperature, the heating time and the joining displacement were varied using the conditions in Table 1. To guarantee a good contact between the hot plate and
the surfaces to be welded, the latter were smoothed using a microtome. A fixed heating displacement of 0.25 mm was used in all the welds.
Table 1. Welding conditions
Weld

T/t/d, ºC/s/mm

RMD

Lo-d, mm

Seam temp., ºC

W1

190/50/0.35

0.78

0.01

170

W2

190/75/0.35

0.64

0.20

172

W3

190/100/0.35

0.60

0.23

174

W4

190/100/0.70

1.00

~0

167

W5

215/20/0.35

0.84

0.07

174

W6

215/50/0.35

0.52

0.32

188

W7

215/75/0.35

0.43

0.47

192

W8

215/50/0.70

1.00

~0

167

W9

215/75/0.70

0.86

0.12

174

W10

240/20/0.35

0.60

0.23

193

W11

240/50/0.35

0.38

0.57

208

W12

240/75/0.35

0.31

0.78

213

W13

240/20/0.70

1.00

~0

167

W14

240/50/0.70

0.76

0.22

182
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Table 1. Welding conditions
Weld

T/t/d, ºC/s/mm

RMD

Lo-d, mm

Seam temp., ºC

W15

240/75/0.70

0.62

0.43

191

W16

265/20/0.35

0.50

0.36

210

W17

265/50/0.35

0.31

0.77

228

W18

265/75/0.35

0.26

1.02

234

W19

265/20/0.70

0.98

0.01

170

W20

265/20/1.00

1.00

~0

167

W21

265/75/0.70

0.51

0.67

209

W22

290/20/0.35

0.43

0.46

229

W23

290/50/0.35

0.28

0.92

250

W24

290/20/0.70

0.87

0.10

180

T/t/d -hot plate temp./heating time/welding displacement
RMD- ratio of melt displacement
Lo-d – length of melt left at weld zone (from each part)

The melted zone depth, Lo, was measured in half bars that were heated in the welding
machine, cooled and analyzed by polarized light microscopy. The edge of the melted zone
was identified by analysis of the microstructure modifications caused by the heating process.11 The temperature profile of the melted zone was estimated using the heat conduction
equation for a semi-infinite solid. For that, the thermal properties of the material were estimated from the experimental values of Lo.11
The microscopical examination of the welds was carried out with a polarizing microscope in 10-15 µm thick cross-sections. It included the analysis of the crystalline texture,
size and shape of the beads, and the measurement of the insertion angles of the bead
notches. The dimensions of the cross-section of the welded bars at the seam plane were also
evaluated by microscopy.
The welds and the original bars were subjected to several mechanical tests:
• tensile testing at 500 mm/min of intact specimens and also of specimens notched with a
hole of 3 mm diameter (Figure 1a).
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•

Figure1. Specimen geometry for testing. a – hole notch, b – curved notch.

tensile impact testing at room temperature using a digital
pendulum machine. To increase the stress at the weld
region, the specimens were notched with a wide radius
notch (Figure 1b).
• tensile creep-rupture testing at 70ºC in a water/5% Teepol bath at a nominal stress of 8 MPa.
For the evaluation of the tensile strength and the resilience, the weld cross-sections were considered rectangular
and the dimensions taken at the seam plane.
The surfaces of the specimens fractured by mechanical
testing were analyzed by scanning electron microscopy. The
fracture cross-sections were observed by polarizing microscopy to identify the fracture path.

RESULTS AND DISCUSSION
MELTED ZONE DEPTH
The melted zone depth, Lo, was determined by measuring the distance between the outer
surface of the bar and the row of small spherulites that limit the recrystallized region.12 The
temperature at the weld seam, worked out from the heat conduction equation for a semi-infinite solid, was considered to be the one at the plane of the joining stops. The ratio of melt
displacement, RMD = d/Lo, was determined from Lo and d, the welding displacement,
defined by the position of the stops. The values of RMD and the weld seam temperatures are
shown in Table 1.
MORPHOLOGY OF THE WELDS

Figure 2. Weld of Type P1 (W13). 1 – bar skin; 2 – oriented texture.

The ratio of melt displacement is the parameter
with greater influence on the weld morphology,
particularly at the beads.
Values of RMD below 0.5 originate a sharp
and deep central V-notch in the beads, whereas
above 0.5 this notch is smoothed and the severity
of the contact notch increased. As Figure 2 illustrates, large welding displacements cause the
folding of the bead over the bar and, in most
cases, the sticking to the unmelted bar. This link
is established through a transcrystallization process, caused by the nucleating action of the solid
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bar onto the molten bead contacting it. The folding of the bead over the bar raises sharp contact
notches. The sticking affects the position of its
root. All the beads have a zone of oriented texture related to the original skin of the bar (Figures 2-5). The occurrence of this texture was
referred to previously.11 It shows that in those
zones the heating of the melt was not enough to
erase the memory of the previous texture and to
prevent its nucleating action during recrystallization. This memory and also the temperature
Figure 3. Weld of Type P2 (W10). a – low bir. spherulites; b – high bir. spherulites; c- boundary layer
affected the deformability of the melt as the
shape of the beads suggests. In the welds made at
190ºC the deformability of the melt was low and consequently the beads acquired a lobular
contour. In contrast, the beads of welds made at higher temperatures have a smoother
aspect. Another interesting feature that may be of value in quality control is the occurrence
of Type III spherulites at the outer surface of the welds made at 190ºC. It is known that melt
shearing and an adequate rate of cooling favor this type of structure. These conditions
appear to be present only for that particular hot plate temperature.
Changes in the RMD change the depth of melt remaining at the central zone (Lo-d) and
the seam temperature, as is shown in Table 1. As the values of those parameters increase,
the crystalline texture tends to be more spherulitic, mostly of the low birefringent type. The
Type III high birefringence spherulites only occur in regions where a high shear is combined
with a relatively low temperature (~180ºC), as is the case of the weld shown in Figure 3.
It was observed that the PTFE coating contaminated the surfaces contacting the hot
plate. This is evidenced by the row-nucleated spherulites formed at the weld seam.
The morphology of the welds may be summarized in four major types:
Type P1 - this type of welds (as illustrated in Figure 2) has a narrow weld zone with a
highly oriented texture. The beads are large and generally sticking to the unmelted material.
This causes a great increase of the cross-section at the seam plane and severe contact
notches, often located away from the weld region.
Type P2 - in these welds the dominant microstructure is spherulitic (Figure 3) although
some effect of orientation is still present in the crystallized texture. This is evidenced by the
presence of Type III spherulites and by the transversely oriented texture of the boundary
layers. The beads stick to the bar.
Type P3 - in clear contrast to the previous types this group of welds display detached
beads and a wide and uniform spherulitic central zone (Figure 4).
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Figure 4. Weld of Type P3 (W11) – interface with transcrystalline texture.

Figure 5. Weld of Type P4 (W23).

Type P4- the most characteristic features of these welds, illustrated in Figure 5, are the
occurrence of voids and the very deep and sharp central notch of the beads. These features
result from the use of a too small welding displacement in the joining of a large and hot
amount of melt. Consequently, the shrinkage ± was very high, favoring the formation of
voids and reducing the cross-sectional area at the seam plane.
MECHANICAL PROPERTIES AND FAILURE BEHAVIOR
The mechanical behavior of the welds varied with the welding conditions and the type of
test used. Table 2 shows the results obtained. The relation between failure and weld morphology is referred below.
Table 2. Mechanical properties of the welds
Tensile strength, MPa

Resilience, kJ/m2

Creep rupt. time, h

W4/P1

11.3±0.7

54.23±4.8

64±10

W5/P1*

14.9±1.2

46.8±4.3

47±8

W18/P1

11.2±1.2

36.5±6.7

51±6

W13/P1*

7.0±2.4

35.1±6.2

39±3

W19/P1*

12.6±0.7

37.5±5.6

51±3

W20/P1*

8.5±1.6

33.2±3.0

41±4

W1/P1-P2

14.6±0.8

61.7±11.3

54±4

Weld/type
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Table 2. Mechanical properties of the welds
Tensile strength, MPa

Resilience, kJ/m2

Creep rupt. time, h

W24/P2

15.2±1.5

64.6±2.3

50±10

W2/P2

13.7±0.2

63.1±7.6

61±12

W3/P2

14.8±0.4

61.1±7.2

63±10

W6/P2

16.5±0.8

60.1±4.7

58±7

W9/P2

14.0±0.7

50.1±10.9

63±12

W10/P2

18.9±1.4

65.9±4.6

49±9

W14/P2

17.4±1.1

66.0±2.6

48±5

W7/P3

18.6±0.8

64.0±6.5

79±15

W11/P3

19.8±0.8

56.5±13.4

58±7

W15/P3

18.4±0.8

62.2±7.0

56±17

W16/P3

21.2±1.0

70.1±4.6

77±11

W22/P3

18.9±1.1

64.9±6.4

41±4

W25/P4

11.4±6.0

23.0±6.4

45±4

W12/P4*

4.0±0.5

23.7±6.7

11±5

W17/P4*

5.7±2.0

25.6±7.5

0

W21/P4

16.8±5.0

41.0±16.7

22±13

W23/P4*

5.2±1.1

28.3±3.4

58±10

orig. bar

37.8±0.4

95.8±5.8

11±8#

Weld/type

* - failed at the seam plane when tested with beads on
# - time to yield.

TENSILE TESTING
Only a small number of welds failed at the weld zone in this test (indicated in Table 2). Failure was caused either by a high level of transversal orientation (in welds of type P1) or by

156

Plastics Failure Analysis and Prevention

voids and deep V-notches at the beads (in welds
of type P4). However, other welds with identical
features broke away from the weld zone, which
confirms the low ability of this test to discriminate between good and bad welds.5,8
For the specimens notched with a hole at
the center of the weld, the test showed to be
more discriminative. Due to the stress concentration caused by the hole, the beads had a diminished role in the failure process and the rupture
Figure 6. Fracture surface of weld W14 broke in the ten- was initiated and controlled by the weakened
sile test.
zones of the central part of the weld. In the welds
of type P4, that showed the lowest strength, the
voids or cracks caused the failure. In the welds with transverse molecular orientation the
strength increases and the failure mode changes as the orientation decreases. Failure
occurred either at the seam plane (P1) or at the boundary layer (P2), depending on the occurrence of the peak of molecular orientation. For the type P3 welds, of higher strength and
elongation at break, failure occurred at the seam plane. The fracture showed ductile patches
on the surface (Figure 6) and dense cracking underneath. In contrast, the weakest welds
failed without signs of ductility.
IMPACT TESTING
The smooth and curved notch machined on the specimens only removed a small portion of
the beads. This allowed the failure to be controlled by the morphology both at the central
zone, as in the previous test, and at the beads. Thus, as more weakening features are influencing the failure, this impact test is considered to be more discriminative of the weld quality.
In the welds of type P1 the dominant feature was the high molecular orientation causing the initiation of the fracture at the central zone. As the contact notches of the beads were
frequently located away from the weld region, although very severe, did not contribute to
the failure. In contrast, it caused the initiation of the fracture in welds of type P2. Depending
on the notch location and the level of molecular orientation at the boundary layers, the fracture progressed either through one of those layers or through the unwelded zone (Figure 7).
In type P3 welds the fracture was frequently located at the interface zone. The coarser and
more brittle microstructure of this zone, the transcrystalline texture caused by the PTFE, and
the stress concentration effect of the central V-notch, all contributed for the failure. As was
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Figure 7. Cross-section of weld W14 broke in the impact
test.
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Figure 8. Cross-section of weld W3 broke in the
creep rupture test.

expected from their microstructure, the P4 welds failed at the weld interface zone as in the
previous tests.
CREEP-RUPTURE TESTING
The data in Table 2 shows that only a reduced number of welds failed at the weld zone. In
the majority of the welds the fracture was initiated by the contact notch of the beads and,
due to its location away from the weld zone, the fracture propagated through the base material. Figure 8 shows the fracture path for this type of failure. This helps to explain how
welds produced with different processing conditions and having distinct microstructures
showed identical failure times. Thus, in contrast to what has been referred to by other
authors,6,7 this test showed not to be discriminative in assessing the weld quality. This
behavioral difference is certainly related to the occurrence of the sticking of the bead to the
bar in a great number of welds, which showed to be determinant of the failure behavior in
this test.
PROCESSING PARAMETERS AND WELD QUALITY
It was shown that the weld performance is influenced by a number of morphological features or defects. Their occurrence depends on the welding parameters, sometimes in a contradictory manner. Thus, for example, a large melt displacement favors the setting of
molecular orientation but attenuates the severity of the central V-notch and increases the
load bearing area. Conversely, small welding displacements reduce the severity of the contact notch but worsen the central notch and the adhesion at the interface. In general terms,
the properties of the welds reached their maximum for intermediate values of RMD, in the
range from 0.38 to 0.75. The resilience, determined with the tensile impact test showed to
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correlate particularly well with the RMD and the
morphology of the welds, as shown in Figure 9
However, the quality is affected not only by the
RMD but also by the interface temperature. For
the set of welds studied in this work, better performance was obtained for the conditions 240ºC/
50 s/0.35 mm and 265ºC/20 s/0.35 mm that lead
to an identical interface temperature (~210ºC).

CONCLUSIONS

Figure 9. Effect of the ratio of melt displacement on the
resilience of the welds.

The following main conclusions can be drawn
from this work:
1. The weld morphology depends on the welding
parameters and on the previous microstructure

of the parts.
2. The influence of the morphological features of the welds is enhanced differently by the
various tests. The tensile test on hole-notched specimens enhances the central zone while
the creep rupture test enhances the beads. In the tensile-impact test the fracture behavior is
affected by the overall morphology.
3. The optimum welds are void and orientation free at the central zone, and have detached
beads with the central V-notches outside the bar plane.
4. The characterization of the weld morphology, in complement with mechanical testing, is
of great value on predicting the quality of welded joints.
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The Influence of Morphology on the Impact
Performance of an Impact Modified PP/PS Alloy

S. P. Bistany
Montell Polyolefins, 912 Appleton Road, Elkton, MD 21921, USA

BACKGROUND
Catastrophic failures were experienced in blowmolded parts during low temperature impact
testing. The resin used to make the parts is normally ductile for the same test temperature
and impact speed. The two main differences noted between past performance of the resin
and this failure event was the process producing the part and thickness of the part wall.
Blowmolding is a process that produces hollow parts.1 While several forms of blowmolding exist, extrusion blowmolding was used to make this particular part. In this process,
a tube of resin (or parison) is first extruded vertically down between two mold halves. Once
the parison is in position, the mold closes on it and a gas, typically air, is blown into the parison forcing it onto the mold surface which gives the part its final shape. This process
exposes only one side of the parison to a cool mold surface allowing the internal surface to
cool freely.
With respect to wall thickness, impact data is typically generated on 3.2 mm injection
molded panels. The average wall thickness on the blowmolded parts was on the order of 5.0
to 7.6 mm.
Analysis of the parts ruled out contamination with dissimilar resin. Also, since the
MFR of samples taken from the part were similar to the virgin pellets, degradation during
processing was ruled out. Testing to investigate thickness effects on impact were performed
along with SEM analysis of the failed parts.

FAILURE INVESTIGATION
THICKNESS EFFECTS ON IMPACT
To determine if wall thickness played a role in the impact failures, test panels were injection
molded at thicknesses similar to those found in the part and compared to the standard test
thickness of 3.2 mm as well as test samples cut from the failed part. Instrumented impact
testing at –30oC and 2.2 m/s was performed. The results in Table 1 below show that thickness does not appear to be the cause of the failures since the thicker injection molded panels
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experienced ductile failure. However, all blow molded test samples experienced brittle failures.
Table 1. Instrumented Impact Performance
Molding Process

Thickness, mm

Failure Mode

Injection

3.2

Ductile

Injection

6.4

Ductile

Blow

5.0

Brittle

Blow

6.7

Brittle

MICROSCOPY INVESTIGATIONS

Figure 1. Blow molded part outside surface.

Figure 2. Blow molded part inside surface.

Figures 1 and 2 are SEM micrographs comparing the outside and inside surfaces of the blow
molded part respectively. The outside surface cooled much more rapidly being in contact
with the mold surface while the inside surface cooled at a much slower rate. Figure 2 details
micro-voids and spherulite boundaries on the inside surface that resulted from the slow
cooling. The outside surface shows a morphology free of micro-voids and spherulite boundaries.

The Influence of Morphology

Figure 3. Blow molded part outside surface cross-section.
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Figure 4. Blow molded part inside surface cross-section.

Over the past several years, there have been many studies performed on this type of
morphology. These studies have found that during crystallization, non-crystallizable polymer chains act as impurities and are forced to the spherulite boundary region.2 As a result,
these polymer chains form weak links between spherulites. The micro-voids that form as a
result of the contraction of material at the boundaries act as stress concentrators and are
often crack initiation sites.3 Additional research has shown that once cracking has been initiated, the weak boundaries provide a “path of least resistance” and hence make good crack
propagation sites.4-7
Attempts have been made to strengthen the spherulite boundaries by addition of copolymers which migrate to the boundaries during crystallization.8 The copolymers function to
cocrystallize between spherulites that in turn form links between spherulites and thus
strengthen the boundaries.
To further illustrate the radical difference in morphology between the outside and
inside surfaces, cross-sections of these surfaces were taken. The impact modifier was etched
out for each sample prior to SEM analysis. Figure 3 shows the outside surface cross-section.
Here the impact modifier particles are relatively small and striated. Figure 4 shows the
inside surface cross-section. Here the impact modifier appears to coalesce and is not striated. Coalescence of impact modifier particles is known to lead to a reduction in impact
strength.9 Additionally, the asymmetry of the striated particles is more effective at increasing toughness than spherical particles.
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Figure 5. Injection molded panel surface cross-section.
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Figure 6. Injection molded panel core cross-section.

To compare morphologies resulting from the blow molding and injection molding processes, cross-sections of an injection molded panel were prepared in the same manner as
that for the blow molded part. Figure 5 shows the cross-sectional view at the outside surface
of the panel. The morphology is similar to that of the outside skin of the blow molded part
where we see striated impact modifier. Figure 6 shows the cross-sectional view of the injection molded panel core. Here we see relatively small well disperse impact modifier particles. This type morphology is more effective at increasing toughness than that observed in
Figure 4.

TEST METHOD DEVELOPMENT
An attempt was made to reproduce the morphology observed on the inside surface of the
blow molded part. Injection molded panels with a wall thickness of 6.4 mm were prepared.
Modifications were made to a thermoforming unit that allow a solid metal sheet to be shuttled in and out of the thermoforming oven. Panels were placed onto the metal sheet and
shuttled into the oven exposing the top of the panels to the IR heaters. The panels were
exposed over a range of time intervals. At each interval, the impact performance was measured and the surface morphology studied.
A transition from ductile to brittle failures occurred at an oven residence time of 80
seconds. Figure 7 shows the surface of a control panel that was not exposed to the heat
source. These samples failed ductility. Figure 8 shows the surface of the panel after exposure to the heat source for 80 seconds. Here we see that while the sizes of the micro-voids
are smaller than those in Figure 2, they are still large enough to cause brittle failure. This
methodology became a screening tool for product development efforts aiming to increase
the impact performance of blow molded parts.
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Figure 7. Control panel surface.
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Figure 8. Exposed panel surface.

SUMMARY
The outside surface of the blow molded part is impacted during the impact event causing the
inside part surface to experience high tensile forces. As a result of slow cooling of the inside
surface, large spherulites develop along with micro-voids formed by the contraction of resin
at the spherulite boundaries. Past research has found the spherulite boundaries to be weak
sites prone to crack initiation and propagation. In addition, the slow cooling rate at the
inside surface promotes impact modifier coalescence and leads to a further reduction in
impact strength. These morphological features have been compared to those for an injection
molded panel of same material and are believed to be the cause of the brittle part failures.
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Morphological Study of Fatigue Induced Damage in
Semi-crystalline Polymers

Nathan A. Jones and Alan J. Lesser
Department of Polymer Science and Engineering, University of Massachusetts, MA 01003
USA

INTRODUCTION
It is well established that the fatigue response of polymeric materials has two distinct
regimes.1 At high frequencies and/or stress levels, the fatigue life of the polymer is dominated by hysteretic heating. As the stress level and/or test frequency is reduced, another failure mode is observed. This failure mode is more brittle and post-mortem fractographic
analyses have shown the failure mechanism is associated with the nucleation and growth of
flaws in the material to a critical size. This regime is referred to as the mechanically dominated regime or the high-cycle regime.
The total lifetime in the mechanically dominated regime is usually attributed to the
nucleation and growth of defects to a critical size. Crack growth kinetics have been measured on a wide range of polymers2 and have generally shown to follow a Paris-type law
once the flaw grows beyond the threshold flaw size. For many polymers, this threshold size
for fracture initiation is on the order of a millimeter.3
One the other end of the spectrum, the nucleation and growth of incipient cracks have
been reported by Zhurkov, Kuksenko4-6 and Kausch.7 Zhurkov and Kuksenko reported
results for the kinetics of the initiation of incipient submicrocracks in a number of polymers.
They found that the initiation of damage occurred primarily by the nucleation of incipient
submicrocracks. For the case of polypropylene, they reported the characteristic diameter to
be on the order of 32-35 nm and a corresponding saturation density of 7x1014 cm-3. Moreover, the increase in number density to the saturation conditions followed a thermally activated process. Hence, they concluded that the initiation of damage in polymers is governed
by a thermally activated process which describes the increase in number density of these
submicrocracks.
Consequently, the kinetics of damage evolution are described on the nanometer scale
by a thermally activated process and on the millimeter scale by a Paris-type law. However,
little quantitative work has been conducted describing the kinetics of damage evolution on
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the micrometer scale. This paper summarizes results from the first phase of an investigation
to qualitatively and quantitatively describe fatigue damage and its evolution in a commonly
used semi-crystalline polymer. For this study, we selected isotactic polypropylene (iPP) as a
model polymer characteristic of many semi-crystalline thermoplastics in use today. Herein,
we report results from an experimental investigation whereby in-situ measurements of
dynamic visco-elastic behavior and energy density evolution are complimented by a comprehensive microscopic investigation to describe the kinetics and energetics of damage evolution on the micrometer scale.

EXPERIMENTAL
Samples of isotactic polypropylene (iPP, Mn = 108,344, Mw = 330,871, MFR=0.7, supplied
by Advanced Elastomers) were compression molded into plaques 2.8 mm thick using a hot
press. The polymer was melted at 230°C, pressed to 3.5 MPa and cooled by flowing cold
water through pipes in the hot press whilst maintaining the pressure at 3.5 MPa. The resulting plaque of iPP was cut into ASTM D638 Type II tensile bars using a specially designed
cutting die.
Fatigue tests were conducted at room temperature on an Instron Model 1321 servohydraulic machine in a load-controlled mode.1 The fatigue loads were applied with a sinusoidal waveform and a frequency of 2 Hz. The maximum and minimum stress levels were
set at 25.3 MPa 2.2 MPa respectively and were maintained at a constant level for each
fatigue test.
Using the appropriate software and hardware, hysteresis loops of the crosshead load,
axial strain, and transverse strain were stored digitally for pre-specified cycles through the
duration of the test. Afterward, the hysteretic data was processed to calculate inelastic
strain, dynamic viscoelastic parameters (E', E", and tan δ ), and energy densities for each
stored cycle.1
Separate samples were fatigue damaged to different levels by systematically removing
specimens after exposure between 105 and 106 cycles. These samples were subsequently
used for microscopic examination of the fatigue damage.
In preparation for microscopic examination, samples were faced off in a cryogenic
microtome at a temperature of -100°C. Faces were cut both parallel to the stress direction.
These blocks were etched in four consecutive etches consisting of: 0.35 g potassium permanganate, 10 ml sulfuric acid and 10 ml phosphoric acid.8,9 After each etch the samples
were washed in 10 ml of a 2:7 mixture of concentrated sulfuric acid/distilled water, 10 ml
hydrogen peroxide, 10 ml distilled water and 10 ml acetone. Faced and etched samples were
coated in gold and viewed in a Jeol JSM-CF35 SEM operating at 20kV.
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These iPP samples were reasonably transparent, allowing TOM through the thickness
of the whole tensile bars to be collected using an Olympus BH-2 optical microscope and a
35 mm film camera. Thermal characteristics were determined by DSC using a TA instruments DSC 2910 under nitrogen with a heating rate of 20°C/min. X-ray diffraction patterns,
both WAXD and SAXD were obtained using various generators and a Siemens GADDS
two-dimensional detector to record the data.

DISCUSSION OF RESULTS
UNDAMAGED MORPHOLOGY

Figure 1. SEM micrograph of undamaged iPP.

An SEM micrograph of an undamaged sample that had
been etched is shown in Figure 1. It shows lamellar crystals radially distributed in spherulites which have a diameter of about 70 µ m. WAXD showed the polymer to be
100% α -phase iPP10 with no discernible orientation.
The SAXD showed an isotropic ring corresponding to a
lamellar repeat distance of 14.2 nm. DSC measurements
gave a melting point of 171.1±0.5°C and an melting
endotherm of 97.1±3.6 J/g. Taking the enthalpy of fusion
of iPP to be 209 J/g11 the degree of crystallinity is thus
46.4±1.7%.
IN-SITU MEASUREMENTS OF i PP FATIGUE

Figure 2 shows the dynamic viscoelastic response of
the iPP resulting from exposure to fatigue. In Figure
2, the loss modulus is represented by squares and
the storage modulus is represented by the circles.
The observation that can be made with respect to the
data are that both the storage and loss moduli are
decreasing throughout the fatigue life of the polymer. Another key point to notice is that two distinct
regimes appear in rate of decay in the elastic (storFigure 2. Changes in loss modulus (squares) age) modulus. Below 103 cycles the rate of decay in
and storage modulus (circles) during fatigue
the elastic modulus is much greater that beyond this
of iPP.
point. This indicates that different processes may be
operative during the fatigue process and are responsible for the fatigue softening. Another
interesting feature of the data is that an apparent stiffening of the polymer is observed
between 105 and 106 cycles.
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In Figure 3 the strain energy density is plotted
with circles and the irreversible work data are plotted with squares. The strain energy continually
increases as the fatigue process continues which is
consistent with the fact that the material is becoming more compliant. Also, the irreversible work
density of the material continually decreases over
coincident with increasing cycles. This observation
also supports the dynamic viscoelastic response of
the material. Also, both of these energy densities
show the similar change in their rates at approxiFigure 3. Changes in strain energy (circles)
and irreversible work (squares) during fatigue. mately 103 cycles. Similar behavior are also noticed
in the potential energy density evolution and the
irreversible deformation. In these types of experiments
the potential energy density curves usually follow closely
to the strain energy density curves since they together
reflect changes in internal energy density under the controlled load conditions. Although Figures 3 and 4 contain
data for a single specimen, the reproducibility among different samples was very good.
DAMAGE CHARACTERISTICS

Figure 4. SEM micrographs of damaged samples.

Visible Appearance of Fatigue Damage
The procession of defects through the tensile bars caused
the polymer to whiten and white lines with the appearance of shear bands where observed on some samples at
an angle of 60° to 70° to the stress direction. The whitening was first observed between 1,000 and 10,000 cycles
and the degree of whitening was observed to increase as
the samples were further fatigued. It is well known that
this stress whitening of polymeric samples is commonly
caused by defects scattering visible light.4

Scanning Electron Microscopy
Figure 4 shows SEM micrographs of microtomed and etched samples of a heavily fatigued
iPP sample, which should be compared to Figure 1. On the undamaged sample no defects
were seen, the small holes appearing in the sample are attributed to being etch artifacts.
However the heavily fatigued sample (106 cycles, see Figure 4A) showed many defects of
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different sizes around the specimen ranging in diameter from 10 to 100 µ m and up to about
1 µ m thick. Many of the mature crazes appear to evolve from smaller crazes by coalescence. Note that the drawn fibrils between the defect surfaces (see Figure 4B) are clearly
visible which confirms that fatigue damage evolves through craze formation and growth. It
can be seen in Figure 4A that the crazes are initiated in and grow through both the bulk of
the spherulites and the spherulite boundaries. Also there is no evidence to suggest that the
craze growth is affected by the orientation of the crazes to the lamellae. Except for some
kinks along the craze length (which are discussed below) the crazes grow perpendicular to
the stress direction.
Transmission Optical Microscopy
TOM images showing the progression of fatigue damage are
shown in Figure 5 for 105 to 106 cycles. Optical micrographs for
103 cycles or less show no crazes, whereas those of 105 (Figure
5A) cycles or greater show many crazes with dimensions of a
few µ m or more. It can be seen qualitatively that as the number
of fatigue cycles increases the average length of the crazes
increases and that the number of individual crazes decreases.
There are also a number of distinctive features about the arrangement of these crazes.
Close inspection of Figure 5D shows a process zone of
many small crazes surrounding the larger craze. This indicates
that the growth of the larger crazes initiates additional crazes in
the vicinity of the main craze tip. As the tip of the main craze
grows past smaller craze the main craze shields the smaller
crazes reducing the stress intensity around them. This slows the
growth rate of the smaller crazes. This has the result that the
main craze will be surrounded by many smaller crazes (commonly referred to as a process zone) all of about the same size.
Crazes were often found to stack themselves in cascades, see
Figure 5C. These cascades could be attributed to the appearance
of the macroscopic white lines 60° to 70° to the stress direction
on the sample.
The arrangement of these crazes and their shapes are
observed to change during the fatigue lifetime of the sample. Initially the mean craze length is much less than the mean crazeFigure 5. Optical micrographs
craze nearest neighbor distance, see Figure 5A. Thus there are
of iPP samples fatigued for
different numbers of cycles.
few craze-craze interactions, the distribution of crazes is random
Scale bars represent 100 µ m.
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and most crazes have a circular disc shape. As the average craze length becomes comparable to the craze-craze nearest neighbor distance craze-craze interactions become important,
see Figure 5C. Two or more crazes may merge to form one larger craze giving rise to large
crazes with a characteristic zigzag appearance, see Figure 5D. Crazes formed from the
merging of many crazes will have irregular shapes. Once the diameter of any one craze is
large compared to the mean craze-craze distance it is unlikely that any one craze will exist
without interacting with another craze.
During fatigue craze initiation, propagation and coalescence occur simultaneously. As
the number of cycles increases craze propagation and coalescence becomes the primary
mechanisms of fatigue damage and the crazes become larger, acquire the kinks of characteristic of coalesced crazes and also become fewer.
As the mass fraction of crazed sample was low, techniques such as WAXD and DSC
were unable to determine any change in physical properties due to high cycle fatigue. The
mature crazes detailed in this paper are often as large as 1 µ m by 100 µ m, well beyond the
200- 300 nm limit of SAXD.
DAMAGE MECHANICS
The previous section showed that fatigue damage in iPP manifests itself in the form of a
regularly spaced ensemble of crazes. We start by approximating the stress intensity of a single craze in an infinite body as that due to a small crack in an infinite body subjected to a
remotely applied stress superposed with a closure traction acting across the face of the
crack. Hence the stress intensity for a single craze becomes K= σ ( πl ) 0.5 where σ = σ ∞ – σ c .
The change in potential energy of the body due to a single craze can be calculated by:
l

l

2 2

2
2
l∆Π
-------------------- = 2 ∫ G dl = ------ ∫ K tot dl = πσ
Eo
Eo
b
0

[1]

0

where b is the thickness of the specimen, ∆Π denotes the total change in potential energy of
the body, G is the energy release rate, and Eo is the elastic modulus of the undamaged iPP.
In order to calculate the change in potential energy due to an ensemble of crazes we
must first consider the effect of their interaction on the modulus of the material. We start
with the definition of a damage parameter (scalar damage parameter) given by Bristow12 for
a 2-D case:
2
1 2
ρ = --- Σl i = nl
A

[2]

where n is the number density of crazes, l is the craze radius, and a A is the size area of a
representative volume of material (i.e., representative volume = b*A).
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In 1993, Mark Kachanov,13 showed that the following nonlinear approximation actually remains highly accurate at high craze densities provided the cracks are homogeneously
distributed. This is given by:
1 - = ------------------1 E- = ------------------2
1 + πρ
Eo
1 + πnl

[3]

In the above equation E denotes the effective modulus and Eo denotes the initial modulus of the iPP. Using a similar approach as above to calculate the change in potential energy
per unit of representative volume (i.e., potential energy density) yields the following expression for an ensemble of crazes:
 lK 2 
2
2 4
σ π 2
tot
∆Π
-------- = n ⋅  2 ∫ ------------ dl = --------- ( nl + 0.5πnl )


E
Eo
V
 0


[4]

Finally expressing equation 4 in terms of the Griffiths energy for a single craze (i.e.
G=2 γ ), the following expression can be arrived at:
2 3
∆Π
-------- = γ ( 2πl + πn l )
V

[5]

Hence, the above equation describes the change in potential energy density of an
ensemble of crazes in terms of the specific energy of craze formation, the number density of
crazes, and the craze radius.
QUANTITATIVE CHARACTERIZATION OF FATIGUE DAMAGE
In the previous section we used the definition of a
damage parameter ρ defined by Bristow. Image
analysis was conducted on the images obtained for
the TOM’s, using Zeiss Image v.1.0, to measure an
effective number density (# of crazes/m2) and the
average craze radius. In Figure 6 the craze radius is
represented by squares and the craze density by circles. This Figure quantitatively shows what was
qualitatively claimed above. With increasing numFigure 6. Evolution of fatigue damage between bers of cycles the average craze radius increased
105 and 106 cycles. Circles represent craze
however the number of crazes decreased. As we
number density and squares represent craze
have already discussed above this is due to craze
radius.
coalescence. The combined effect of the changes to
craze radius and number density in an increase in the amount of fatigue damage. From the
measured potential energy density evolution, the damage evolution is given by equation 6
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and was calculated to average approximately 13 J/m2 and to be constant over 900,000
cycles.
∆Π
γ = -------------------------------------3
V ( 2nl + πn2l )

[6]
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